Abstract. The source of strong and broad emission of the Balmer-α line in mixed plasmas of hydrogen (or deuterium) and noble gases in front of metallic surfaces is a subject of controversial discussion of many plasma types. In this work the excitation source of the Balmer lines is investigated by means of optical emission spectroscopy in the plasma device PSI-2. Neutral fast non-Maxwellian hydrogen atoms are produced by acceleration of hydrogen ions towards an electrode immersed into the plasma. By variation of the electrode potential the energy of ions and in turn of reflected fast atoms can be varied in the range of 40 − 300 eV. The fast atoms in front of the electrode are observed simultaneously by an Echelle spectrometer (0.001 nm/channel) and by an imaging spectrometer (0.01 nm/channel) up to few cm in the plasma. Intense excitation channels of the Balmer lines are observed when hydrogen is mixed with argon or with krypton. Especially in Ar-H and Ar-D mixed plasmas the emission of fast hydrogen atoms is very strong. Intermixing hydrogen with other noble gases (He, Ne or Xe) one observes the same effect however the emission is one order of magnitude less compared to Kr-H or Kr-D plasmas. It is shown, that the key process, impacting this emission, is the binary collision between the fast neutral hydrogen atom and the noble gas atom. Two possible sources of excitation are discussed in details: one is the excitation of hydrogen atoms by argon atoms in the ground state and the second one is the process of the so-called excitation transfer between the metastable states of noble gases and hydrogen. In the latter case the atomic data for excitation of Balmer lines are still not available in literature. Further experimental investigations are required to conclude on the source process of fast atom emission.
INTRODUCTION
The significantly broadened Balmer or Lyman series emitted by hydrogen or deuterium atoms is a highly debated phenomenon observed in the atmosphere of stellar and planetary plasmas [1, 2] , low temperature plasmas of hollow cathodes [3] , radio frequency induction plasmas [4] or microplasma jets at atmospheric pressures [5] . In many cases the presence of noble gases stimulates the emission of hydrogen lines, i.e., either the intensity is increased or the lines become extensively broadened. In contrast to the sustained experimental data there is an ongoing controversial discussion on the atomic or molecular processes leading to the observed emission. If in one case the interaction of ions with molecules is considered to be the major emission source of the fast component, the binary interaction (such as charge-exchange or excitation) between the hydrogen atoms and noble gas atoms is considered to be a primary source of broad emission in other cases. One of the most natural mechanism of generation of fast atoms in laboratory plasmas is a result of plasma surface interaction. Walls or negatively charged surfaces generate sheath regions with electric fields being extended in the order of a few Debye lengths [6] . The electrostatic potential φ in the sheath changes from the plasma potential φ p in the bulk plasma to the wall potential φ wall . In the electric field of the sheath positively charged ions are accelerated towards the wall and gain kinetic energy. At the wall their kinetic energy is given by E kin ∼ Ze 0 φ sheath with Z being charge state of the ion, e 0 the electron elementary charge and φ sheath = φ wall − φ p . A considerable fraction of the incident ions is reflected at the surface as neutrals after exchanging momentum and energy with the atoms of the wall [6] . Thus, the atoms with the energy E k exceeding the energies of the Maxwellian ions in the plasma E k ≫ T i , where T i is the ion temperature, re-enter the plasma. By observing and understanding the emission of these atoms in the plasma one obtains new insights on the development of light and laser sources, ion solid interaction [7] and the development of theoretical gas kinetics models [8] .
In this paper we present emission spectra produced by fast H or fast D atoms in the energy range 40 − 300 eV in a linear magnetized plasma. First, a brief discussion of the spectroscopic setup will be given. Next, we show the experimental results of the emission caused by fast atoms and its general characteristics, without discussing the source of the emission. Eventually we present experimental data of mixed plasmas of D with He, Ne, Ar, Kr and Xe gas. We prove that the source of emission of fast atoms is a result of binary collisions between noble gases and hydrogen atoms and discuss the possible atomic processes leading to the observed emission.
EXPERIMENTAL SETUP
The experiments are performed in the linear magnetized plasma device PSI-2 [9] . The experimental device and the spectroscopical setup is shown in Figure 1 . A set of six magnetic field coils creates a linear magnetic field axis. Plasma is produced by a hot-cathode reflex-arc discharge using a heated LaB 6 cathode. In the homogeneous part of the plasma column an electrode can be radially inserted into the plasma by a mechanically driven manipulator. A target plate of the size 1 cm × 1 cm is mounted on a actively water-cooled head of the manipulator and an electrostatic potential between 0 V down to −300 V relative to the plasma vessel can be applied to this target in order to accelerate ions. Radial profiles of plasma parameters, such as electron density n e (r) and electron temperature T e (r), are routinely measured using a swept Langmuir probe at the upstream port position in the plasma. In the evaluation of the current voltage characteristics measured in mixed plasmas the average ion mass of gases weighted with the gas flow rates has been used. The vacuum vessel is equipped with several gas inlets, one is located at the source, and three others at the main plasma vessel. Via a gas flow control system several gases, each adjusted to a selected gas flow rate, can be flushed into the vacuum chamber simultaneously. In the present experiments hydrogen or deuterium and noble gases, i.e., helium, neon, argon, krypton and xenon have been used as working gases.
The optical emission of the plasma is measured with two different spectrometers along two different lines-of- The blow up shows the head of the radially movable side manipulator and the mounted target electrode. The plasma indicated by the shaded blue in the PSI-2 device has a hollow density profile, i.e., the density has a local minimum on the discharge axis and two maxima. The target center is placed in one maximum.
sight. Figure 1 shows the two ports used for spectroscopic access. A high-resolution spectrometer equipped with an Echelle grating in high orders (≈ 40) Littrow configuration with a dispersion of about 0.7 − 1.0 Å/mm, a focal length of 1000 mm, a groove density of 79 grooves/mm and blaze angle of 76
• has been used. The entrance slit of the spectrometer is illuminated by two optical fibers observing the plasma using two different lines-of-sight (35 • and 90
• relative to the plasma axis). An H α filter (∆λ FWH M = 1.5 nm) has been placed in front of the entrance slit of the spectrometer. The spectra of two lines-of-sight are imaged at two vertical positions of the exit slit of the spectrometer. An EMCCD camera (ANDOR iXon Ultra 888 [10]) with a chip size 1024 px × 1024 px and pixel size of 13 µm is attached to the spectrometer allowing a spectral dispersion of about 0.7 − 1.0 pm/px in the horizontal direction of the chip. The lines-of-sight are focused on the target electrode surface having a spot size of approximately 3 mm in diameter. A second spectrometer, the Princeton Instruments imaging spectrometer ACTON Series SP2750, was used to measure the spatial profile of emitted radiation along the same line-of-sight with 90
• observation angle. The spectrometer has a focal length of 750 mm, a groove density of 1200 grooves/mm and a spectral dispersion of 11.0 Å/mm [11] . The Andor Newton 971 EMCCD detector [12] with a chip size of 1600 px × 400 px and pixel size of 16 µm is coupled to the exit slit of the spectrometer (1600 px spectral resolution, 400 px spatial resolution). Emission can be measured along radial direction (r) or along axial direction (z) by using a three-mirror system in front of the entrance slit allowing a 90
• rotation of the image of the plasma. emission lines. Slightly different profiles of the D α line in (a,c) are attributed to the projection of poloidal rotation velocity of the ions on different lines-of-sight [13] . The measured profiles of D α and D β lines are used to derive the ion temperature of the plasma. An absolutely different picture appears in Ar-D plasma. By mixing hydrogen with argon in practically equal proportion, strong emission of fast atoms is observed at both lines-of-sight by applying a negative potential (here −120 V) to the target as shown in Figs. 2(b,d) . (The variation of the maximal Doppler-shifted components in Ar-D plasma with the electrostatic potential at the target electrode is shown in details in Fig. 3 in Ref. [14] .) The 90
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• line-of-sight observes the plasma just in front of the target surface [ Fig. 2(b) ]. In this case the atoms moving toward the observer emit blue-shifted photons and the atoms moving away from the observer emit red-shifted photons. The detected photons appear in broad wings of symmetrical radiation around the unshifted D α line. The fast atoms moving perpendicular to the target, namely along the z axis, emit the photons observed at the positions of the unshifted D α line, increasing its intensity only. The radiation caused by fast atoms increases the total integral emission of the D α line up to 30 % for this line-of-sight. The emission detected at the angle of 35
• in Fig. 2(d) indicates also redand blue-shifted wings, however, here the emission profile is asymmetric. The reason for the red-shifted component, as discussed in Refs. [3, 4] is a result of photon reflection at the wall. In general the emission of photons can be assumed to be isotropic and the photons emitted by neutral atoms could be reflected by the target surface and reach the front optics as well [cf. Fig. 3 in Ref. [14] ]. The reflectance for a tungsten surface at the wavelength of D α line equals to 0.504 [15] . The derived ratio between the intensity of the red-and blue-shifted emission is found to be 0.55 ± 0.05, being in rather good agreement with the theoretical value. The observed emission profiles shown in Figs. 2(b,d) agree with general consideration, e.g., the maximal velocity gained by deuterium ions in the ≈ 120 V sheath potential could be as high as 1.07 × 10 5 m/s and the fast atom emission should be displaced by 2.347 Å relative to the unshifted wavelength. This shift is indeed observed in Figs. 2(b,d) . Figure 3 compares the Balmer-α lines measured in Ar-D and Ar-H mixed plasma at approximately equal plasma parameters and operation conditions. In both cases the applied potential at the target electrode has been −140 V relative to the vacuum chamber potential (0 V). For both plasmas the contribution of emission from fast neutral atoms is observed as Doppler blue-shifted and Doppler red-shifted wings [ Fig. 3(a,b) ]. Without the applied negative potential no Doppler-shifted components are observed (black line). The width of the Doppler-shifted wings is larger for the H α line, because the velocity of the H + ions is given by • line-ofsight with the Echelle spectrometer. Argon gas flow into the source and hydrogen or deuterium gas flow into the plasma chamber have both been 80 sccm, floating potential has been at −21 V. In (a,b) the emission profiles for the cases with the target electrode being at floating potential is plotted in black color. In (c) both measurements are plotted versus the wavelength difference. The energy scales for hydrogen and deuterium are superimposed. function of distance from the target using the imaging spectrometer. First, we succeeded to observe the emission for all three components, though the intensity decreases dramatically going from the Balmer-α toward the Balmer-γ line. Second, the emission of fast atoms is observed on the distances of a few cm in the plasma and was limited only by optical access to the plasma.
Similar to the measurements in Ar-H or Ar-D mixed plasmas we tried to observe fast atoms also in other gas mixtures. Figure 5 summarizes a series of measurements of deuterium mixed with the noble gases helium, neon, argon, krypton and xenon using the imaging spectrometer. For each gas mixture the plasma operation parameters, such as the discharge current I dis and neutral gas pressure p, have been adjusted to find a stable discharge regime. Afterwards, the gas flow rates have been changed in order to achieve the maximum emission of fast atoms. Without applied acceleration potential to the target electrode, no wings can be observed around the D α line for all gas mixtures. With applied acceleration potential fast atoms can be distinctly observed in the plasma volume in front of the target electrode for z > 0 cm in Ar-D and Kr-D mixed plasmas, weak emission is also visible in Ne-D mixed plasma. (Fast atom emission observed for z < 0 cm results from reflected hydrogen atoms at the mounting of the target manipulator [compare Fig. 1]. ) From the same series of measurements Fig. 6(a) shows the D α line emission measured with the Echelle spectrometer from 35
• observation angle. Though the neutral gas pressure differs by a factor of two for different gas mixtures, one can conclude from Fig. 5 and Fig. 6(a) that the Ar-D plasma shows the strongest emission of fast atoms compared to the corresponding cold D α component among all mixed plasmas. In case of other gas mixtures the fast atoms emission is either rather dim (Ne-D) or could be hardly detected at all (He-D or Xe-D).
DISCUSSION AND CONCLUSIONS
The obtained experimental data allow following conclusions. First, the emission of fast atoms is the result of binary collisions between the atoms or ions of noble gases and fast hydrogen atoms reflected at the target electrode surface. The background hydrogen ions, atoms and molecules can not play the leading role in the excitation as the emission is missing in pure hydrogen or deuterium plasmas [cf. Fig. 2] . Second, the ions of noble gases could be also excluded as a source of excitation as follows from the theoretical data: the cross section of excitation of H atoms or H 2 molecules by Ar + is 2-3 orders of magnitude lower compared to the excitation by Ar atoms [16] . So, for instance, the excitation cross section of the H α line by collision of the H 2 molecule with Ar + is 1.3 × 10 −20 cm 2 at the energy of 237 eV, whereas the excitation cross section by collisions of H atoms with Ar atoms equals to 0.65 × 10 −16 cm 2 at the energy of 100 eV. The ionization balance for Ar or Kr was not measured in PSI-2, however, the ionic lines of Ar or Kr are rather weak in the spectra compared to Ar I lines (for instance see Fig. 4(e,f) ). Here, the measured intensity of the strong Ar II line at 4348.1 Å is comparable with the intensity of the weak lines of Ar I at 4333.6 Å and 4335.3 Å [17] , indicating much lower densities of ion species in comparison with atomic argon. All these facts prove the leading role of neutral atom collisions leading to emission of spectral lines in the vicinity of the target:
(
Here, Rg is the ground state of the noble gas (He, Ne, Ar, Kr or Xe) and H f and H data appears by comparison of excitation cross sections of the H atom by collisions with noble gas atoms [18, 19, 20] 
Here, Ar m is the metastable state of argon and ArH * is the excited state of the dimer molecule being the intermediate state of the reaction [22] . Indeed, in our plasmas, one expects a high concentration of metastable states relative to the ground state. Collisional quenching of the metastable fraction by collisions is rather low since low density and strong diffusion of metastables is expected.
In general, reaction (2) can potentially explain the anomalous strong emission of fast atoms in case of argon relative to all other noble gases. Indeed, the population of metastable fraction is proportional to the concentration of Ar atoms so that the emission behaves quite similar to the excitation by ground state. Second, reaction (1) and reaction (2) create the dimer molecule of ArH as the intermediate state between input and output channels [19, 22] . The reaction of energy transfer must be especially efficient in case of Ar and H atom collisions as the metastable energy levels and excited states of atomic hydrogen are still relatively close to each other (∆E = −0.539 eV and ∆E = −0.364 eV between two metastable states of Ar and the n = 3 state of atomic hydrogen) [cf. Fig. 6(b) ]. For excitation of n = 2 levels of hydrogen the reaction is exothermic (∆E = 1.34955 eV and ∆E = 1.5243 eV between the same metastable states of Ar and n = 2), e.g., no kinetic energy is required to excite the atoms. The latter case was intensively studied for the L α excitation and represents an extremely strong source of lines emission in afterglow discharges, though it was never studied in the energy range of 60 − 100 eV. The theoretical data for the L α cross sections were found ten times higher as observed in the experiment and these results remain until now unexplained [23] . The excitation cross sections in case of endothermic reactions, which is the case for all other excited states of hydrogen, are according to the knowledge of the authors not available in literature, though considerable efforts were undertaken to calculate the potential curves of the ArH molecule [24] . We hope that our experimental findings stimulate the calculation of cross sections for Ar-H or Ar-D atomic systems. In case of other gases, such as He or Ne the reaction of excitation transfer (2) is not possible and for Kr and Xe the metastable states are energetically much lower compared to n = 3 or n = 4 levels of H atom to stimulate a considerable increase of emission. Independent on theoretical calculations a dedicated experimental setup of optical components is foreseen at PSI-2 to resolve this problem. So, for instance, one expects to achieve the spatial resolution using the setup of the imaging spectrometer on the order of few µm in direction perpendicular to the target electrode surface. We hope to obtain the temporal evolution of the emission profile in front of the target electrode to conclude on the source of the emission. In case of atoms moving away from the target the rise of the emission must be expected on the timescale of lifetime of excited states of n = 3, 4, 5. Therefore a tunable diode laser system [25] is going to be installed at PSI-2 to measure the metastable fraction of Ar close to the target. If reaction (2) is the source of the emission, a difference of the population of metastable argon is expected, when comparing the emission without and with applied acceleration potential. With applied negative potential the metastable fraction of argon must decrease resulting in reduction of the absorbed laser intensity. Using different target electrode materials could give new insights on the energy distribution function of fast atoms and exclude the impact charge-exchange process of accelerated H + ions towards the target with noble gas atoms.
